The development of pathologic mucus, which is not readily cleared from the airways, is an important contributor to the morbidity and mortality associated with asthma. It is not clear how the major airway mucins MUC5AC and MUC5B are organized within the mucus gel or how this gel contributes to airway obstruction in asthma. Here, we demonstrated that mucus plugs from individuals with fatal asthma are heterogeneous gels with distinct MUC5AC-and MUC5B-containing domains. Stimulation of cultured human bronchial epithelial cells with IL-13, a key mediator in asthma, induced the formation of heterogeneous mucus gels and dramatically impaired mucociliary transport. Impaired transport was not associated with defects in ciliary function but instead was related to tethering of MUC5AC-containing mucus gel domains to mucus-producing cells in the epithelium. Replacement of tethered mucus with untethered mucus restored mucociliary transport. Together, our results indicate that tethering of MUC5AC-containing domains to the epithelium causes mucostasis and likely represents a major cause of mucus plugging in asthma.
Introduction
Asthma affects approximately 300 million people worldwide and causes approximately 250,000 deaths annually (1) . Tracheobron chial mucociliary clearance is impaired in stable asthma (2) and worsens during acute exacerbations (3) . The principal cause of death from asthma is asphyxiation from intraluminal airway obstruction by widespread mucus plugs (4) (5) (6) . In other diseases, mucus trans port is impaired due to the absence or immotility of cilia (7) , as seen in primary ciliary dyskinesia (PCD), or to periciliary liquid deple tion (8) and impaired mucus detachment from submucosal glands (9) , as seen in cystic fibrosis (CF). However, the cause of impaired mucus transport in asthma is poorly understood.
The viscoelastic properties of airway mucus depend on 2 gel forming mucin glycoproteins, MUC5B and MUC5AC (10) . MUC5B is produced in submucosal glands and by secretory cells within the airway epithelium (11) . MUC5Bdeficient mice have impaired muco ciliary clearance, leading to pulmonary infections (12) . MUC5AC is produced by specialized airway epithelial cells known as mucous (or goblet) cells (11) . MUC5ACdeficient mice have normal mucocil iary transport and are protected from mucus plugging in an allergic asthma model (12, 13) . The type 2 cytokine IL-13 is necessary (14) and sufficient (15) for mucus induction in mouse asthma models. Many individuals with asthma, especially those with high levels of IL-13, have increased MUC5AC mRNA levels but decreased MUC5B mRNA levels (16) . Increases in MUC5AC and MUC5B protein concentra tions have been reported in sputum from individuals with asthma (17) and in a mucus plug in an individual with fatal asthma (18) . We sought to determine whether changes in mucus composition, organization, and function contribute to impaired mucus transport in asthma.
Results and Discussion
MUC5AC and MUC5B localize to distinct domains within mucus plugs in fatal asthma. We compared mucin staining in airway sections from controls and individuals with fatal asthma. In 4 controls, we detected airway epithelial cells containing MUC5AC, MUC5B, or both mucins (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI84910DS1) but found no intraluminal mucus ( Figure 1 , A and B), presumably because intraluminal mucus was removed during standard aque ousbased fixation. In the fatal asthma samples, we detected more MUC5AC but fewer MUC5Bcontaining cells ( Figure 1 , C and D, and Supplemental Figure 1 ). Large intraluminal mucus plugs were evident in 4 of 7 individuals with fatal asthma (Figure 1 , C and D). Mucin staining within the mucus plugs was heterogeneous: 64% ± 7% (mean ± SEM) of the crosssectional area of the plugs contained MUC5AC but no detectable MUC5B; 25% ± 5% contained MUC5B but no MUC5AC; and only 11% ± 2% stained for both MUC5AC and MUC5B. MUC5AC and MUC5B therefore localize predominantly to distinct domains within mucus plugs in fatal asthma.
IL-13 induces a heterogeneous mucus gel in vitro. IL-13 is a major driver of asthma in a large subset of individuals and potently induces MUC5AC expression (16) . We investigated whether IL-13 stimulation was sufficient to cause changes in mucus gel compo sition and organization similar to those seen in fatal asthma. IL-13 stimulation of cultured human bronchial epithelial (HBE) cells from multiple individuals consistently increased MUC5AC expression, whereas MUC5B expression was decreased or unaffected (Supple mental Figure 2 ). We detected numerous MUC5Bcontaining cells in unstimulated and IL-13-stimulated cultures and a large increase in MUC5ACcontaining cells after IL-13 stimulation (Supplemen tal Figure 3 ). In rarer cells staining for both mucins, MUC5AC and MUC5B localized to different granules, suggesting discrete secre tory pathways and consistent with findings in mice (19) .
The development of pathologic mucus, which is not readily cleared from the airways, is an important contributor to the morbidity and mortality associated with asthma. It is not clear how the major airway mucins MUC5AC and MUC5B are organized within the mucus gel or how this gel contributes to airway obstruction in asthma. Here, we demonstrated that mucus plugs from individuals with fatal asthma are heterogeneous gels with distinct MUC5AC-and MUC5B-containing domains. Stimulation of cultured human bronchial epithelial cells with IL-13, a key mediator in asthma, induced the formation of heterogeneous mucus gels and dramatically impaired mucociliary transport. Impaired transport was not associated with defects in ciliary function but instead was related to tethering of MUC5AC-containing mucus gel domains to mucus-producing cells in the epithelium. Replacement of tethered mucus with untethered mucus restored mucociliary transport. Together, our results indicate that tethering of MUC5AC-containing domains to the epithelium causes mucostasis and likely represents a major cause of mucus plugging in asthma. jci.org Volume 126 Number 6 June 2016 marked increases in mucus gel solids lead to pronounced pericil iary liquid depletion and ciliary collapse (8) . The mean concen tration of mucus solids from our unstimulated cultures was 1.5% (Supplemental Figure 4C ), similar to the 1.7% reported in nor mal human sputum (20) . Mucus solids increased to 2.7% after IL-13 stimulation but remained well below the approximately 7% reported to collapse the periciliary layer and substantially impair mucociliary transport (8) . Measurements of ciliary length con firmed that IL-13 stimulation did not cause ciliary collapse (Sup plemental Figure 4D ). Impaired mucus gel transport in our model system is therefore not explained by loss of multiciliated cells, changes in ciliary beating, or collapse of the periciliary layer. MUC5AC-containing domains of mucus are tethered to the airway epithelium. We next addressed whether changes in the mucus gel accounted for the impaired transport. In a piglet CF model, loss of the cystic fibrosis transmembrane conductance regulator (CFTR) results in more adherent submucosal gland mucus that remains tethered to gland duct openings, leading to impaired mucociliary transport (9) . The pathogenesis of CF is fundamentally different from that of asthma, and the defective mucus transport observed in IL-13-stimulated HBE cells occurred in the absence of submu cosal glands. Furthermore, submucosal glands in healthy indi viduals and individuals with CF produce abundant amounts of MUC5B but no detectable MUC5AC (11), whereas mucus from fatal asthma mucus plugs or IL-13-stimulated HBE cells contained high MUC5AC levels and relatively low MUC5B levels (see above). We hypothesized that MUC5ACcontaining mucin domains are tethered to the airway epithelium.
We began by examining the relationship of gel mucins to the epi thelium. The peak intensity of MUC5AC staining (7.6 ± 1.4 μm above the epithelial surface, 3 image stacks from each of 3 donors) was closer to the epithelium than the peak of MUC5B staining (11.7 ± 1.2 μm; P < 0.0001, by MannWhitney U test, Figure 3A ). There was extensive To explore how MUC5AC and MUC5B were organized within extracellular mucus gels, we cultured HBE cells from 3 donors in the absence or presence of IL-13, allowed mucus to accumulate for 3 days, processed the cultures with a nonaqueous fixative, and stained for mucins (2-3 sections, 1 wholemount preparation per donor). A MUC5Bcontaining gel was evident in all unstimulated cultures ( Figure 1 , E and F). MUC5AC staining was not observed but was occasionally seen in other experiments. In contrast, all IL-13-stimulated cultures showed prominent MUC5AC staining and some MUC5B staining ( Figure 1 , G and H). Gels from IL-13stimulated cultures were heterogeneous: 59% ± 8% of the cross sectional area of gels from IL-13-stimulated cultures contained MUC5AC but no detectable MUC5B; 35% ± 8% contained MUC5B but no MUC5AC; and 6% ± 1% stained for both MUC5AC and MUC5B. Hence, IL-13 treatment produced heterogeneous mucus gels with distinct MUC5AC and MUC5Bcontaining domains that were similar to those seen in fatal asthma.
IL-13 impairs mucus transport. We determined whether IL-13induced alterations in mucin composition and organization were associated with changes in the transport properties of the mucus gel by tracking fluorescent microspheres deposited on the gel surface ( Figure 2, A and B) . Microsphere transport was markedly reduced by IL-13 stimulation (median speed decreased by 21 to 238fold, Figure 2C ). Hence, IL-13 is sufficient to severely impair mucus transport by airway epithelial cells.
Ciliary beating and the periciliary layer are preserved despite impaired mucociliary transport. Ciliary beating propels the mucus gel. The absence of functional multiciliated cells, as seen in PCD (7) , or the collapse of the periciliary layer, as seen in CF models (8) , leads to impaired mucus gel transport. The IL-13 stimulation conditions we used did not prevent the differentiation of multicili ated cells (Supplemental Figure 4, A and B) . Ciliary beat frequency was unaffected by IL-13 ( Figure 2D) . A previous study showed that were typically associated with MUC5ACcontaining regions and were not in direct contact with the epithelium. Hence, MUC5AC containing regions found in abnormal airway mucus gels are teth ered to the epithelium. Replacement of tethered gels restores mucociliary transport. Mucins are crosslinked by intermolecular disulfide bonds, and addition of the reducing agent DTT to the wash solution led to removal of detectable mucins from IL-13-stimulated as well as unstimulated cultures (Supplemental Figure 7) . We analyzed transport in unstim ulated and IL-13-stimulated cultures before washing, after washing with DTT, and, finally, after replacement of the gel with a trans planted gel produced by unstimulated donor cells ( Figure 3I ). Con sistent with our previous results, IL-13 markedly reduced the velocity of microspheres prior to removal of the gel. It was recently reported that removal of the mucus gel from healthy airways did not abolish particle transport but instead modestly increased transport velocity (21) . We obtained similar results after removal of gels from unstim ulated cultures. In comparison, removal of tethered gels from IL-13stimulated cultures dramatically increased transport to levels that were only modestly lower than those seen in unstimulated cultures. Finally, replacement of the gel with mucus from unstimulated cul tures almost normalized transport velocity on IL-13-stimulated cells. These data indicate that mucus transport is restored by replacement of epitheliumtethered MUC5ACrich gels with untethered gels, demonstrating a mechanism for impaired mucociliary transport that likely plays a significant role in severe asthma.
Mucus hypersecretion is a prominent feature of asthma (22) , and this work provides what we believe to be new insights into how changes in mucus contribute to airway obstruction in asthma. An earlier autopsy study demonstrated a large increase in the frequency of airway mucous cells in continu ity with intraluminal mucus in individuals with asthma (23) . contact between the apical surface of mucous cells and MUC5AC containing areas of the extracellular gel (Figure 3 , B-D, and Supple mental Figure 5 ). MUC5ACcontaining regions of the gel frequently traversed the approximately 6μm region above the epithelium corre sponding to the periciliary layer ( Figure 3 , A and C). This region was depleted of MUC5B, and MUC5Bcontaining regions were rarely contiguous with a MUC5Bcontaining cell (4.7% ± 3.4%). In con trast, MUC5ACcontaining regions were frequently continuous with MUC5ACcontaining mucous cells (59.4% ± 5.7%; P < 0.01, by Stu dent's t test). Hence, MUC5ACcontaining domains were frequently found in continuity with MUC5ACproducing mucous cells, whereas MUC5Bcontaining domains were not closely associated with epi thelial cells. Similarly, regions of fatal asthma mucus plugs close to the airway epithelium predominantly contained MUC5AC and not MUC5B (Figure 1 , C and D, and Supplemental Figure 6 ).
We directly examined whether MUC5ACcontaining domains of the mucus gel were tethered to the epithelial surface by assess ing the effects of washing the apical surfaces of HBE cell cultures from 3 donors (3 sections per donor). Unwashed, unstimulated cultures had MUC5Bcontaining gels (9 of 9 sections, Figure 3E ); these gels were not tethered, since no gels were seen after wash ing unstimulated cultures (0 of 9 sections, Figure 3F ). Unwashed, IL-13-stimulated cultures had heterogeneous gels containing dis tinct MUC5ACdominant and MUC5Bdominant domains (9 of 9 sections, Figure 3G ). After washing, extracellular mucus remained attached to the epithelium (8 of 9 sections, Figure 3H ). MUC5AC was present in all 8 washed sections with mucus, but MUC5B was evident in only 3 sections. The ratio of MUC5AC/MUC5Bstained area increased from 2.0 ± 0.3 in unwashed cultures to 6.0 ± 1.1 after washing (P < 0.01, by Student's t test), indicating preferential attachment of MUC5ACcontaining regions. The MUC5Bcon taining regions seen after washing of IL-13-stimulated cultures Many mechanisms contribute to airway dysfunction in asthma. Some factors important in asthma exacerbations, including respira tory viruses and inflammatory cells, were absent in our model and may make independent contributions to impaired mucus transport. None theless, our work shows that IL-13, a key mediator in many individu als with mildtomoderate (16) and severe asthma (24) , is sufficient to produce alterations in the mucus gel that closely resemble those observed in fatal asthma. These alterations result in a MUC5ACrich gel that is tethered to epithelial mucous cells and markedly impairs mucociliary transport. MUC5AC tethering probably leads to pro gressive luminal accumulation of mucus and airway plugging. Hence, changes in mucus composition and organization are likely to be major contributors to airway obstruction, morbidity, and mortality in asthma.
Methods
Further information can be found in the Supplemental Methods and in Supplemental Figures 1-7 .
Our results are consistent with the findings from this study and provide new evidence coupling previous histologic obser vations to new analyses of the mucin composition, structural organization, and function of pathologic mucus gels. MUC5AC and MUC5B are secreted from different cells, or from different granules within the same cell, and remain largely segregated extracellularly. Differences in the biophysical properties of MUC5AC and MUC5Bcontaining domains could be attribut able to intrinsic properties of the MUC5AC and MUC5B core proteins, although, unlike other mucins with transmembrane domains (sometimes called "tethered mucins"), MUC5AC and MUC5B are not integral membrane proteins. Other potentially important factors include posttranslational mucin modifica tions (e.g., glycosylation or disulfide crosslinking), hydra tion and bicarbonatemediated mucin expansion, nonmucin mucus constituents, or other differences in the secretory cell or the luminal environment. (I) Distribution of microsphere velocities from unstimulated and IL-13-stimulated cultures before washing (mucus intact), after washing with solution containing DTT (mucus removed), and after addition of mucus from another culture of untreated HBE cells (transplanted). Velocities were determined from 881 to 5,563 microspheres in 3 fields of view from each of 3 cultures (P < 0.0001 for all possible pairwise comparisons between the 6 conditions; Mann-Whitney U test). Boxes extend from the 25th to the 75th percentiles, the line within the box indicates the median, and the whiskers represent minimum and maximum values.
